Abstract The development of the structurally and functionally diverse mammalian nervous system requires the integration of numerous levels of gene regulation. Accumulating evidence suggests that microRNAs are key mediators of genetic networks during neural development. Importantly, microRNAs are found to regulate both feedback and feedforward loops during neural development leading to large changes in gene expression. These repressive interactions provide an additional mechanism that facilitates the establishment of complexity within the nervous system. Here, we review studies that have enabled the identification of microRNAs enriched in the brain and discuss the way that genetic networks in neural development depend on microRNAs.
Introduction
Development of the mammalian nervous system results from the combinatorial action of morphogenetic gradients, cell-cell signaling, transcriptional networks, and cell migration (Götz and Huttner 2005) . The output of this intricate regulatory network is a collection of interconnected neural cells comprised of glia and neurons. These two cell types can be subdivided further into distinct, highly specialized cells. In addition to developmental programs governed by transcription factors, non-coding RNAs facilitate neural fate acquisition (Cao et al. 2006; Cochella and Hobert 2012; Pauli et al. 2011; Sun et al. 2013) . The most widely characterized are small 20-24 nucleotide long microRNAs (miRNAs) that coordinate gene expression at the post-transcriptional level (Bartel 2009; Krol et al. 2010; Pasquinelli 2012 ) through translational inhibition and mRNA decay (Bartel 2009; Bazzini et al. 2012; Djuranovic et al. 2012; Pasquinelli 2012) . These short stretches of RNA can have marked effects on gene networks as a single miRNA can target hundreds of mRNAs (Bernstein et al. 2003; Chi et al. 2009; Peter 2010) . Furthermore, multiple miRNAs can target a single transcript, dramatically increasing the effect on single gene expression (Wu et al. 2010) . Such properties enable miRNAs to act in both feedforward and feedback loops (for a review, see Ebert and Sharp 2012) in order to establish developmental transitions and cell fate switches and to refine gene expression.
miRNAs have been shown to be an integral part of transcriptional networks that drive developmental programs. The importance of miRNAs in many aspects of neural development has been reviewed elsewhere (Cao et al. 2006; Cochella and Hobert 2012; Pauli et al. 2011; Sun et al. 2013) and in this issue. Here, we discuss studies that have increased our understanding of the activities of miRNAs during neuronal differentiation. We then focus on the way that genetic programs rely on specific miRNAs to reinforce transcriptional programs during neural development through feedback and feedforward genetic networks. Identification of genetic pathways from neural developmental studies has led to the ability to differentiate neurons from embryonic and induced pluripotent stem cells and, recently, to reprogram non-neuronal cells into neurons (for a review, see Morris and Daley 2013) , demonstrating the necessity to understand the contribution of miRNAs to cell fate decisions during neural development.
miRNAs in development
The major path to a mature miRNA begins in the nucleus in which RNA polymerase II transcribes a primary miRNA transcript (pri-miRNA) that is variable in length but is generally around several hundred base pairs (Lee et al. 2002) . The pri-miRNA is processed down to a 60-100 nucleotide precursor hairpin (pre-miRNA) by Drosha and its cofactor DGCR8 (Bartel 2009; Krol et al. 2010; Pasquinelli 2012) . The intermediate pre-miRNAs are transported into the cytoplasm by Exportin 5 where they are cleaved into their mature 19-25 nucleotide form by Dicer. Mature miRNAs are loaded into the RNA-induced silencing complex (RISC) that, in complex with Argonaute (Ago) proteins, typically targets the 3′untrans-lated region (UTR) of mRNAs. This leads to either translational repression or mRNA degradation (Bartel 2009; Bazzini et al. 2012; Djuranovic et al. 2012; Pasquinelli 2012) .
Initial investigations into the role of miRNAs in development were based on the disruption of miRNA biogenesis. With the observation that whole mouse embryo Dicer knockouts die at embryonic day 7.5 (E7.5), many groups focused on generating tissue-specific Dicer deletion strains by using Cre expression (Bernstein et al. 2003) . Although the role of specific miRNAs acting through canonical miRNA biogenesis cannot be assessed using this strategy, it has revealed interesting facets of miRNAs in general and their role during neural development. Notably, the proper migration, differentiation, and integration of neurons during neurogenesis require mature miRNAs (Bernstein et al. 2003; Kawase-Koga et al. 2009; Makeyev et al. 2007; Volvert et al. 2012) . Deleting Dicer in the telencephalon during neural development by using a FoxG1-Cre line results in increased apoptosis culminating in a thinner cortical plate (Makeyev et al. 2007) . Despite this having no effect on differentiation, the stereotyped organization of the cortex is disrupted. Further refining of the Dicer ablation in the cortex through the use of an Emx1-Cre driver yields analogous results, but cortical defects appear earlier in development (De Pietri Tonelli et al. 2008) . Similarly, the deletion of Dicer in neural progenitors by using Nestin-Cre results in increased apoptosis, reduced cortical thickness, and increased ventricular volume (Kawase-Koga et al. 2009 ).
FoxG1 and Emx1 are restricted rostrally, with Emx1 being the most cortical-specific, although in terms of cortical defects, these two Cre-drivers lead to earlier cell death and premature neuronal differentiation when compared with the Nestin-Cre driver. This is surprising, since Nestin is expressed in all neural progenitors. Kawase-Koga et al. (2009) attribute this difference to the timing of the Dicer deletion, as opposed to the cell types. The delineation of the miRNAs responsible for the myriad of phenotypes observed in Dicer knockouts has previously been technically unfeasible. Now, we are able to examine specific miRNA-target networks at a global level, an ability that has facilitated the dissection of miRNA-dependent biological processes.
Identification of miRNAs enriched in the nervous system
Advances in sequencing technology within the past 10 years have greatly increased the detectability of specific miRNAs and their targets within a select population of cells. These techniques have also shifted several commonly accepted notions of miRNA-mediated regulation by the demonstration of binding outside the 3′UTR (Lee et al. 2009; Lytle et al. 2007; Ørom et al. 2008) , by the localization of functioning miRNAs in the nucleus (Buckley et al. 2012; Jeffries et al. 2011; Khudayberdiev et al. 2013 ) and, lastly, by the bypassing of the requirement of the 5′ seed regions (Boudreau et al. 2014; Chi et al. 2012; Helwak et al. 2013) . Collectively, these studies reveal a wider network of target genes and further emphasize the importance of miRNAs in gene regulation.
The identification of a collection of miRNAs and their targets has been accomplished primarily through target prediction algorithms, crosslinking techniques such as HITS-CLIP and PAR-CLIP, Ago-HITS-CLIP, and miRNA microarrays (Chi et al. 2009; Hafner et al. 2010; Liu et al. 2004; Ule et al. 2005) . Each of these tools generates hundreds of possible miRNAs and targets that must be further validated. Nevertheless, they have revealed changes in miRNA expression as the brain develops and have identified many targets that mediate developmental transitions and neuronal function, including widely characterized miRNAs, namely miR-124, miR-9, miR-125, miR-132, and the let-7 families (Cochella and Hobert 2012) . In addition, these techniques can be applied to post-mortem human samples, thus enabling the identification and validation of miRNA-mRNA interactions within the human brain (Boudreau et al. 2014 ) and allowing comparisons of miRNA expression and target recognitions in various species. Boudreau et al. (2014) have observed a marked difference in the conserved binding sites between mouse and human brains. Although the authors note that the methods used to collect and determine the mouse data could have caused this difference, others have hypothesized that miRNAs are strong contributors to brain evolution and cognition (Bentwich et al. 2005; Hu et al. 2011; Lukiw 2012) suggesting that the difference between mouse, primate, and human miRNA expression has biological meanings.
Further refinement of miRNA and target expression analysis through the expression of tagged-Ago proteins has enabled miRNA profiling in specific neuronal subtypes. Given the potent effects that miRNAs have on both neurogenesis and neuronal function, the determination of the cell-specific miRNA expression profile within neurons is fundamental for understanding their development (Hobert et al. 2010; Sempere et al. 2004) . He et al. (2012) have characterized the miRNA expression profile of five neuronal subtypes within the brain and revealed that glutamatergic, GABAergic, and subclasses of GABAergic neurons within the neocortex and cerebellum contain distinct but overlapping miRNA expression profiles. For example, parvalbumin (PV)-and somatostatin (SST)-expressing GABAergic interneurons overlap with regard to miR-124 and miR-9 expression, whereas SST interneurons express miR-187 and miR-551b at a level six-fold higher than PV interneurons. Similarly, Camk2α neurons in the neocortex express miR-296 and miR-130b significantly more than Gad2 neurons from the same neuronal compartment. Importantly, over 100 miRNAs have been shown to have significant differential expression between sub-type comparisons. Interestingly, the authors have also observed cell-type-specific miRNA strand selection from precursors within various neuronal subtypes, possibly providing alternative target selection. So far, the exact role of miRNAs enriched in various neuronal subtypes largely remains unknown.
Function of miRNAs in early neural development
Once the dorsal ectoderm is specified to become neuroectoderm through BMP and activin inhibition and increased Wnt and fibroblast growth factor signaling, the central nervous system starts to take shape (Stern 2005) . The appearance of the neural plate and formation of the neural folds dorsal to the neural plate provide the framework for cell specification. Positional information along the rostro-caudal and dorso-ventral axis of the neural tube has been shown to demarcate future cell fate largely through the action of ventral sonic hedgehog (Shh), dorsal BMP, and rostro-caudal retinoic acid gradients (Jessell 2000; Stern 2005) . The mechanism that establishes progenitor domains along these axes relies on a combinatorial code of morphogenetic gradients and transcription factor networks (for a review, see Jessell 2000) . Many components of the transcriptional and signaling components necessary for proper motor neuron pattern formation have been well characterized. Recent evidence suggests that miRNAs also play important roles in regulating the balance between cross-repressive transcription factors within the neural tube. miR-196, miR-17-3p, and miR-9 appear to provide boundary information within the developing spinal cord by refining transcription factor networks during motor neuron specification (Asli and Kessel 2010; Bonev et al. 2011; Chen et al. 2011) . Interestingly, the biological role of each of these miRNAs during neurogenesis differs spatially and temporally along the axis of the developing embryo, suggesting that miRNAs can have diverse functions within neurons depending on the milieu of mRNAs that they encounter. For instance, the combinatorial action of multiple miRNAs can result in stronger gene repression leading to greater changes within genetic networks (Wu et al. 2010 ).
Therefore, regionally specific miRNAs might coordinate specific programs of neural development. Further studies integrating spatially and temporally expressed miRNAs within the nervous system might provide insights into the generation of neuronal diversity.
Despite their different biological outputs, miRNAs both inside and outside of the nervous system have been consistently identified as key mediators of both feedforward and feedback loops. Here, the repressive activity of miRNAs can act both to activate or to inhibit gene expression. The redundancy built within these systems is thought to provide robustness to genetic networks (Ebert and Sharp 2012) . Below, we review evidence demonstrating the importance of miRNAs in enforcing genetic programs through feedforward and feedback loops during cortical neuron development, one of the most characterized neural fate programs.
Feedback inhibition during cortical neurogenesis
miR-9, one of the most widely studied neuronal miRNAs participates in a wide variety of neuronal differentiation programs (Coolen et al. 2013; Kapsimali et al. 2007 ). It plays a vital role in the differentiation of neural progenitors into postmitotic neurons by modulating a host of targets (for a review, see Coolen et al. 2013) . Within the developing forebrain, the orphan nuclear receptor TLX maintains neural stem cells in a proliferative state through the activation of Wnt/β-catenin and the recruitment of histone deacetylases that repress the loci of p21 and PTEN (Qu et al. 2010; Sun et al. 2007 ). Suppression of TLX expression in neural stem cells by miR-9 leads to decreased proliferation, premature differentiation, and migration toward the cortical plate (Zhao et al. 2009 ). During normal development, this repressive interaction is thought to regulate the differentiation of cortical progenitors. Premature differentiation is prevented, at least in part, by the repression of miR-9 by TLX (Zhao et al. 2009) . Others have also shown that processes mediated by miR-9 can be attributed to several targets within the cortical progenitor pool (Shibata et al. 2011 ). This negative feedback loop is further strengthened by additional miRNAs and targets of miR-9. For example, TLX expression is repressed during neurogenesis by let-7b ). miR-137, which is also highly expressed in the brain, targets LSD1, a co-repressor that acts in conjunction with TLX to mediate transcriptional repression . This indicates that the effects of these miRNAs, when expressed together, have a more dramatic phenotype than previously reported. The negative feedback loops present during cortical neurogenesis are depicted in Fig. 1 . Interestingly, in each of these studies, the over-expression of these miRNAs individually caused remarkably similar phenotypes and the expression of a single target often mitigated these effects. In addition, whether this regulatory relationship can be extended outside the cortical compartment is unknown. Whereas miR-9 is expressed throughout the vertebrate nervous system (LagosQuintana et al. 2002) , the pool of target mRNAs and corepressive miRNAs might vary between neuronal populations. The ability of pan-neuronal miRNAs to function differently within different neuronal populations remains an open question.
In the case of cortical neuron specification and differentiation, miRNAs clearly integrate into known genetic pathways, providing additional information to the developing nervous system. However, their relationship to one another and the network as a whole remains unclear. If miR-9, miR-137, and let-7d have overlapping expression patterns, they might share common targets, and their effect on cell fate might be more pronounced than previously reported. Such synergy has been clearly demonstrated during chromatin regulation (as described below) with miR-9/9* and miR-124 (miR-9/9*-124), which are enriched in the brain.
miRNAs and epigenetic regulation
During development, ATP-dependent chromatin remodeling complexes acquire new activities by altering their subunit compositions (Ronan et al. 2013) . Differentiation of neural progenitors into neurons is accompanied by a switch in the subunit composition of the mammalian SWI/SNF (BAF) chromatin remodeling complex. Specifically, subunits present in neural progenitors are exchanged with the neuron-specific BAF45B/C, CREST, and BAF53b subunits Staahl et al. 2013; Wu et al. 2007 ). miR-9/9* and miR-124 regulate this switch by targeting the 3′UTR of BAF53a, and prolonged expression of BAF53a in vivo represses BAF53b expression suggesting that miR-9/9*-124 expression initiates a feedforward loop that culminates in the swap of subunits within the BAF complex (Yoo et al. 2009 ). The onset of this regulatory cascade is instigated through a negative feedback loop between miR-9/9*-124 and the RE1 silencing transcription factor (REST/NRSF) complex (Conaco et al. 2006; Packer et al. 2008) .
REST/NRSF was initially identified as a neuronal repressor that prevents the expression of neuronal genes outside the nervous system (Chong et al. 1995; Schoenherr and Anderson 1995) . This repressive activity is attained by recruiting other co-repressors such as co-REST, SCP1, MeCP2, and histone deacetylases (Andrés et al. 1999; Lunyak 2002; Roopra et al. 2000; Yeo 2005 ). As neural progenitors differentiate into postmitotic neurons, REST/NRSF-mediated repression is relieved upon the inhibition of REST/NRSF expression (Ballas et al. 2005) . Interestingly, REST/NRSF and co-REST have been shown to be regulated by miR-9 and miR-9*, respectively (Packer et al. 2008 ). The sharp contrast in REST/NRSF expression between neuronal and non-neuronal cells is maintained through mutual repression between miR-9 and REST/NRSF. This negative feedback loop contributes to the neuronalspecific expression of miR-9/9*-124, as all the active loci of miR-9/9* and miR-124 are occupied by REST/NRSF in nonneuronal cells (Conaco et al. 2006 ). In addition, SCP1, a component of the REST/NRSF silencing complex that facilitates neuronal silencing, has been shown to be targeted by miR-124 (Visvanathan et al. 2007 ).
The loss of REST/NRSF-mediated repression and concomitant upregulation of neuron-specific gene expression are also accompanied by neuron-specific splicing events . Makayev et al. (2007) have observed that, when miR-124 is overexpressed in two neuroblastoma cell lines, they adopt a neuron-like morphology and contain neuronspecific alternatively spliced transcripts; they have also shown that the downregulation of the splicing repressor PTBP1 by miR-124 leads to neuronal-specific splicing events including the production of PTBP2, a neuron-specific splicing regulator that is normally excluded from non-neuronal cells by PTBP1 (Boutz et al. 2007 ). Here, the reciprocal expression of PTBP1 and PTBP2 is initiated by miR-124 creating both a feedforward and feedback loop. A summary of the miR-9/9*-124-dependent regulatory circuit is shown in Fig. 2 .
Negative feedback loops are continually being characterized between miRNAs and their repressors, and the sum of these feedback loops can have dramatic effects when the balance is sharply tipped in one direction. For instance, ectopic expression of miR-9/9*-124 directly converts human fibroblasts into post-mitotic neurons ( Fig. 3 ; Yoo et al. 2011) . Whereas miRNA alone is incapable of reprogramming
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Cortical Progenitor Cortical Neuron Fig. 1 miRNA-dependent negative feedback loops in cortical neurogenesis. As cortical progenitors differentiate into cortical neurons, the expression of miR-9 and miR-137 is induced leading to the direct repression of the orphan nuclear receptor TLX. The expression of miR-9 and miR-137 is normally repressed in cortical progenitors by TLX. This negative feedback loop is further reinforced by the repression of LSD1, a co-repressor that acts in concert with TLX, by miR-137 the human fibroblasts, neuronal conversion can be enhanced with the addition of neuronal transcription factors, revealing a synergy between multiple miRNAs and pro-neural transcription factors. The observation that miRNAs alone are capable of switching cell fate demonstrates their potency in regulating neuronal gene networks. Others have also taken advantage of manipulating the genetic circuit involved in neuronal-specific splicing to achieve neuronal reprogramming (Xue et al. 2013) .
Asymmetric cell division and neuron-specific miRNA activity
One of the large outstanding questions in mammalian neurogenesis is how asymmetric division of neural stem cells is regulated. Recently, Schwamborn et al. (2009) discovered that TRIM32, a TRIM NHL protein, is asymmetrically inherited during neural progenitor division. The daughter cell that does not receive TRIM32 remains a neural progenitor, whereas the daughter inheriting the TRIM32 protein differentiates into a neuron. The mechanism behind this differentiation is attributable to two separate activities performed by TRIM32. As a ubiquitin ligase, TRIM32 tags c-Myc for degradation. Repression of cMyc leads to cell cycle exit and further participation in neural induction. Second, TRIM32 complexes with Ago1 leading to enhanced activity of several pro-neural miRNAs. One of these miRNAs, let-7a, contributes to neural differentiation, although not to the extent of TRIM32. Others have also shown that let-7a has both anti-proliferative effects and is upregulated during neurogenesis (Peng et al. 2008; Rybak et al. 2008) . The effects of TRIM-32 on other pro-neural miRNAs remain unexplored.
Concluding remarks
Much like transcription factors, miRNAs can exist in feedback loops with their repressors or activators enabling binary switches and signal amplification, respectively. The cumulative Fig. 3 Neuronal conversion of primary human dermal fibroblasts mediated by miR-9/9*-124. Micrographs depict (a) human neonatal fibroblasts and (b) converted cells immunostained with a pan-neuronal marker, mitogen-activated protein 2 (MAP2, red); 4,6-diamidino-2-phenylindole (DAPI) nuclear staining is shown in blue (adapted from Yoo et al. 2011) Neural Progenitor Neuron REST Co-REST SCP1 miR-9/9* miR-124 BAF53a PTBP1
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Fig. 2 miR-9/9*, miR-124, and REST coordinate neurogenesis through multiple positive and negative feedback loops. REST silences many neuronal genes including miR-9/9* and miR-124. At the onset of neural differentiation, miR-9/9* and miR-124 are upregulated leading to the repression of their targets, namely REST, BAF53a, and PTBP1. REST, co-REST, and SCP1 repress miR-9/9* and miR-124, thereby creating a feedback loop and allowing for distinct reciprocal expression patterns. BAF53a normally inhibits BAF53b; the relief of this repression by miR-9/9* and miR-124 enables BAF53b expression and the formation of the neuron-specific BAF chromatin remodeling complex, which is important for proper dendritic outgrowth. This feedforward loop is distinct from the repression of PTBP1 by miR-124. Here, neuron-specific splicing is accomplished by the repression of one splicing repressor, PTBP1, which directly represses the expression of another splicing regulator, PTBP2. During neurogenesis, the expression of miR-9/9* and miR-124, which are activated, at least in part, by the dismissal of REST-binding, leads to a cascade of genetic events that strongly re-enforces the neurogenic program effect of each regulatory node described thus far results in the vast array of highly specialized cells that lie within the nervous system and that connect and communicate in an even more complex manner. Our knowledge of the development of specific types of neurons has been limited to the transcription factors necessary for the development of these populations. The advent of new technologies enables mechanistic studies focusing on the function of specific miRNAs during the development and subsequent maintenance of neuronal subtypes. Further comprehension of the genetic networks that connect each of these pathways within a single cell-type will greatly facilitate our understanding of neural development. To date, much progress has been made in elucidating the miRNAs and target interactions in neurogenesis. The results described here have been obtained in a group of select studies that demonstrate both the importance of miRNA-dependent genetic networks and the need to connect this accumulated knowledge.
